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ABSTRACT 


INTRODUCTION 


This  paper  presents  the  results  to  date  of  the  Launcher 
Integrated  Diagnostics  Demonstration  (L-IDD),  which 
involves  the  development  of  the  Launcher  Integrated  Di¬ 
agnostics  System  (L-IDS)  that  monitors  components 
within  the  Trident  II  Launcher  Subsystem  and  estimates 
their  “health  ”  During  Phase  I  of  this  project,  possible 
monitoring  areas  were  researched,  and  a  prototype  L-IDS 
was  developed  and  tested.  During  Phase  II,  the  prototype 
L-IDS  was  refined  and  installed  on  an  SSBN  for  evalua¬ 
tion  during  deterrent  patrol  at  sea.  Launcher  Subsystem 
equipment  and  the  associated  conditions  originally  inves¬ 
tigated  for  monitoring  included  electrically  actuated  valves 
(power  consumption  and  noise),  structural  components 
(relative  position),  propellants  (stabilizer  levels),  and 
water-filled  containers  (internal  corrosion).  The  prototype 
L-IDS  system  used  the  following  sensors  to  monitor  the 
associated  equipment  on  the  Launcher  Subsystem:  volt¬ 
age  and  current  sensors,  and  accelerometers  to  monitor 
the  electrically  actuated  valves  (i.e.,  variable  energy  ejec¬ 
tor  [VEE]  valves  and  actuators);  optical  (IR)  sensors  to 
monitor  the  relative  position  of  the  structural  components 
(i.e.,  umbilical  shell  and  retractor  stop  bumper);  a  solid- 
phase  micro-extraction  tool  to  collect  propellant  vapor; 
and  electrochemical  sensors  to  monitor  corrosion  in  a 
sealed  container.  Based  on  results  from  the  prototype  test¬ 
ing  and  further  project  resource  consideration,  the 
system  being  tested  at  sea  is  limited  to  monitoring  VEE 
valves  and  actuator  noise,  and  umbilical  shell-to-retrac- 
tor  stop  bumper  relative  position. 
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This  paper  discusses  the  Launcher  Integrated  Diag¬ 
nostics  Demonstration  (L-IDD),  which  is  sponsored  by 
Strategic  Systems  Programs  (SSP)  and  is  supported  by 
Northrop  Grumman  Marine  Systems  (NGMS)  and  The 
Johns  Hopkins  University  Applied  Physics  Laboratory 
(JHU/APL).  The  development  and  deployment  of  the 
Launcher  Integrated  Diagnostics  System  (L-IDS)  and 
some  lessons  learned  during  this  project  are  also 
discussed. 

This  project  began  in  1997  when  Mr.  Martin  Metf 
signed  a  memorandum  of  agreement  with  Captain  John 
Stillwell.^  As  stated  in  this  agreement,  the  project  objec¬ 
tive  was  to  demonstrate  the  value  of  using  a  nondestruc¬ 
tive,  nonintrusive  integrated  diagnostics  system  to  moni¬ 
tor  the  Trident  II  Launcher  Subsystem.  This  diagnostics 
system  would  provide  decision  makers  with  information 
to  reduce  overall  maintenance  costs  and  predict  degrada¬ 
tion  of  weapon  system  reliability. 

The  demonstration  would  also  show  the  feasibility 
for  the  application  of  condition-based  maintenance  sup¬ 
port  for  the  Navy  submarine  maintenance  community.  The 
technical  goal  was  to  develop  standard  approaches  for  the 
application  of  submarine-integrated  diagnostic  systems 
that  enhance  weapon  systems  condition  assessment  ca¬ 
pabilities.  The  development  approach  was  also  mandated 
to  emphasize  the  integration  of  existing  commercial  off- 
the-shelf  (COTS)  hardware  and  software. 

The  project  was  split  into  two  phases:  Phase  I  culmi¬ 
nated  with  the  land-based  testing  of  a  Generation  1  sys¬ 
tem,  and  Phase  II  ended  with  the  deployment  of  a  Gen¬ 
eration  2  L-IDS  onboard  a  Trident  II  SSBN. 

The  Trident  II  Launcher  Subsystem  performs  the  fol¬ 
lowing  general  functions  within  the  Strategic  Weapon 
System: 

•  missile  vertical  and  lateral  support, 

•  launch  tube  temperature  and  humidity  control, 

•  fault  monitoring,  and 

•  launch  operations,  which  include  tube  pressurization, 
muzzle  hatch  operation,  and  missile  ejection. 
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L-IDD  PHASE  I 

Phase  I  of  the  L-IDD  project  was  completed  in  De¬ 
cember  1998.  During  this  phase,  Generation  1 L-IDS  was 
developed  and  tested.  This  effort  started  with  a  review  of 
all  potential  monitoring  domains  (i.e.,  the  launcher  com¬ 
ponents  and  their  associated  failure  modes).  Engineers 
and  analysts  from  the  Trident  II  Launcher  Subsystem 
prime  contractor  (i.e.,  NGMS)  and  system  analysts  (i.e., 
JHU/APL)  who  are  experienced  with  the  analysis  of  the 
system  were  used  in  this  effort.  There  were  no  limits  or 
constraints  (i.e.,  cost  or  technical  feasibility)  on  selecting 
these  domains.  This  portion  of  Phase  I  ended  with  the 
generation  of  a  component/failure  matrix. 

Phase  I  continued  with  the  formation  of  Domain 
Teams  and  a  System  Architecture  Team.  A  Domain  Team 
comprised  a  domain  expert,  a  sensor  engineer,  and  a  soft¬ 
ware  engineer.  The  System  Architecture  Team  consisted 
of  several  data  acquisition  and  network  system  experts. 

During  monitoring  concept  development,  each  mem¬ 
ber  of  the  Domain  Team  worked  together  to  produce  a 
domain-monitoring  concept.  The  domain  expert  had  di¬ 
rect  knowledge  of  the  component  function  and  its  failure 
mode(s).  Together,  the  domain  expert  and  the  sensor  en¬ 
gineer  investigated  COTS  sensor  technologies  that  were 
applicable  to  the  component  and  its  failure  mode(s).  Once 
candidate  sensor(s)  were  selected,  the  domain  expert 
worked  with  the  software  engineer  to  produce  diagnostic 
and  prognostic  software  to  analyze  the  sensor  data. 

The  Architecture  Team  was  supplied  with  the  data 
transfer  and  recording  requirements  for  each  domain.  With 
this  information,  the  team  developed  concepts  for  the  L- 
IDS  data  acquisition  system  and  processor.  Once  a  moni¬ 
toring  concept  was  developed,  a  cost  analysis  was  per¬ 
formed  using  true  or  estimated  costs  and  benefits.  If  the 
cost  analysis  was  not  favorable  and  could  not  be  made 
favorable  by  changes  to  the  domain-monitoring  concept, 
then  the  domain  concept  was  dropped  from  the  project.  If 
the  cost  analysis  was  favorable,  then  the  technical  feasi¬ 
bility  of  the  design  concept  was  further  evaluated.  Tech¬ 
nical  feasibility  was  mainly  judged  on  whether  the 
sensor(s)  or  system  would  adversely  affect  the  Strategic 
Weapon  System  (SWS).  Monitoring  concepts  that  were 
found  to  have  a  high  probability  of  adversely  affecting 
SWS  reliability  were  eliminated. 

Next  in  Phase  I,  the  remaining  monitoring  concepts 
and  a  selected  architecture  were  finalized,  and  all  hard¬ 
ware  was  purchased.  Generation  1  L-IDS  was  produced 
and  bench-top  tested  for  evaluation.  The  domains  included 
were  the  following: 

•  Position  monitoring — an  optical  position  sensor  is  used 
to  monitor  the  relative  position  of  two  components  that 
are  critical  to  the  successful  launch  of  the  missile. 


•  Valve  performance  monitoring — accelerometers  are  used 
to  monitor  the  performance  of  electrically  actuated 
valves,  which  are  directly  connected  to  the  SSBN  hull 
and  are  periodically  activated  during  patrol  operations. 

•  Propellant  degradation  monitoring — a  portable  chemi¬ 
cal  sampler  is  used  to  collect  a  vapor  sample  from  in¬ 
side  the  Trident  II  gas  generator.  This  sample  is  ana¬ 
lyzed  to  determine  stabilizer  levels. 

•  Component  corrosion  monitoring — corrosion  sensors 
measuring  electrostatic  potential  are  used  to  monitor 
active  pitting  corrosion  within  a  sealed  chamber  that  is 
filled  with  water. 

•  Elastomeric  degradation  monitoring — linear  voltage  dif¬ 
ferential  transducers  and  accelerometers  are  used  to 
monitor  elastomeric  mount  performance.  These  mounts 
function  to  vertically  support  the  missile  and  dampen 
vertical  shock. 

Portions  of  Generation  1  L-IDS  were  tested  during 
a  land-based  demonstration  of  the  system.  During  this 
demonstration,  the  sensors  monitored  actual  Trident  II 
Launcher  Subsystem  components  in  the  vendor’s 
evaluation  laboratory.  This  test  ended  in  December  1998. 

L-IDD  PHASE  II 

Phase  II  of  the  L-IDD  project  is  in  progress;  it  started 
with  a  detailed  evaluation  of  the  land-based  demonstra¬ 
tion  test  results  from  Phase  I.  The  test  results  were  used 
for  a  Final  Design  Review,  which  included  both  cost  and 
technical  feasibility  assessments.  Four  monitoring  con¬ 
cepts  were  tested  during  the  land-based  test,  and  of  those 
four,  two  remained  following  the  Final  Design  Review. 
Position  and  valve  monitoring  sensors  using  COTS  or 
modified  COTS  components  were  demonstrated  to  be  both 
cost  effective  and  technically  feasible.  Another  finding  of 
the  land-based  test  was  that  the  L-IDS  architecture  was 
not  sufficiently  robust.  Following  the  Design  Review,  the 
architecture  design  was  replaced  with  a  more  robust  and 
less  expensive  architecture.  This  system  is  referred  to  as 
Generation  2  L-IDS. 

Once  Generation  2  L-IDS  was  defined,  a  Temporary 
Ship  Alteration  (TEMPALT)  Package  and  Special  Test 
Plan  were  developed.  The  TEMPALT  defines  the  loca¬ 
tion  of  the  equipment  on  the  SSBN  and  other  pertinent 
information  concerning  the  effect  of  L-IDS  on  the  SSBN 
and  its  crew.  The  Special  Test  Plan  governs  the  perfor¬ 
mance  of  the  test  onboard  the  SSBN. 

All  of  the  equipment  was  again  tested  at  the  vendor’s 
evaluation  laboratory  to  demonstrate  that: 

•  it  functioned  properly  when  assembled  into  a  single 
system, 

•  L-IDS  was  not  adversely  affected  by  the  operation  of 
the  monitored  equipment, 
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•  the  monitored  equipment  was  not  adversely  affected  by 
L-IDS,  and 

•  all  operating  instructions  were  correct. 

Results  from  this  test  were  excellent  and  all  test  objec¬ 
tives  were  met. 

L-IDS  was  shipped  to  the  Trident  Training  Facility 
in  Kings  Bay,  Georgia,  for  a  final  fit  and  operational  check 
to  ensure  that  the  equipment  functioned  after  shipment 
and  prior  to  installation.  The  Trident  Launcher  Training 
Laboratory,  which  contains  a  tactically  representative 
single  launch  tube,  was  used  for  this  test.  The  equipment 
was  installed  and  checked  for  proper  operation.  The  test 
results  were  again  excellent  and  the  equipment  was  pack¬ 
aged  for  storage.  L-IDS  was  successfully  installed  on  an 
SSBN  and  preliminary  results  showed  proper  operation 
of  the  system.  Performance  analysis  will  be  performed 
periodically.  Generation  2  L-IDS  domain  monitoring  will 
be  discussed  in  the  next  two  subsections. 

Position  Monitoring 

The  L-IDS  position-monitoring  sensor  tracks  the  rela¬ 
tive  position  of  two  components  whose  alignment  is  criti¬ 
cal  for  proper  launch  performance:  the  umbilical  plug  and 
stop  bumper  (Figure  1).  Each  Trident  II  missile  is  con¬ 
nected  with  two  umbilical  plugs,  which  provide  electri¬ 
cal  signals  and  cooling  water  to  the  missile  in  the  tube 
prior  to  launch.  During  launch,  as  the  missile  begins  to 
move  upward,  the  umbilical  plugs  must  be  disconnected 
and  then  removed  from  the  missile’s  path.  As  the  missile 
and  umbilical  plugs  begin  to  move  upward,  the  umbilical 
plugs  each  contact  a  “stop  bumper.”  The  stop  bumper  in¬ 
hibits  further  upward  travel  of  the  plug  and  disconnects 
the  plug  from  the  missile;  it  is  removed  from  the  missile’s 
path  by  a  gas-activated  mechanical  retractor. 


Figure  !•  Missile  umbilical  plug  and  stop  bumper 

Proper  alignment  of  the  umbilical  plug  and  the  stop 
bumper  is  variable  and  critical,  and  is  manually  set  after 
the  missile  is  loaded.  Once  the  alignment  is  set  (properly 
or  not),  it  is  not  regularly  accessible  for  verification.  There¬ 
fore,  any  changes  in  the  component  positions  are  not  cur¬ 
rently  monitored. 


The  L-IDS  position-monitoring  sensor  uses  infrared 
light  to  track  small  reflective  spots  that  are  attached  to  the 
umbilical  plug  and  stop  bumper.  The  coordinates  of  com¬ 
ponents  are  sent  via  the  data  acquisition  system  to  the 
processor  for  storage  and  analysis. 

Valve  Monitoring 

During  SSBN  missile  launches,  valves  are  used  to 
meter  water  into  gas  generator  rocket  motor  exhaust  to 
push  the  missile  out  of  the  submarine;  by  controlling  the 
amount  of  water  in  the  exhaust,  the  energy  imparted  to 
the  missile  can  be  controlled.  These  valves  are  directly 
connected  to  the  SSBN  hull  and  the  amount  of  noise  they 
produce  is  a  concern.  It  has  also  been  determined  that 
valve  cycling  time  is  related  to  valve  performance.  These 
valves  are  exercised  several  times  a  month  during  normal 
SSBN  operations. 

Accelerometers  are  used  to  monitor  valve  noise  and 
valve  cycling  time.  These  data  are  sent  via  the  data  acqui¬ 
sition  system  to  the  processor  for  storage  and  analysis. 

L-IDS  Architecture 

All  of  the  L-IDS  equipment  is  located  within  the  mis¬ 
sile  compartment  of  the  selected  SSBN.  L-IDS  monitors 
the  umbilical  plugs  and  stop  bumper  for  one  tube  (i.e., 
two  plug  and  stop  bumper  sets)  and  the  eject  system  valves 
for  two  tubes  (i.e.,  10  valves).  All  of  the  data  acquisition 
and  processor  components  are  mounted  in  the  founda¬ 
tions  of  existing  electronic  cabinets,  and  system  power  is 
supplied  from  nonvital  power  panels. 

The  TEMPALT  is  valid  for  the  12-month  period  fol¬ 
lowing  installation.  L-IDS  performance  is  being  assessed 
every  several  months,  and  based  on  its  performance,  several 
options  will  be  entertained.  If  L-IDS  is  successful  in  provid¬ 
ing  useful  information,  a  TEMPALT  extension  will  be  sought, 
which  will  allow  for  further  performance  assessment. 

LESSONS  LEARNED 

Overall,  the  L-IDD  project  proved  difficult  to  complete 
successfully.  Some  of  the  difficulties  are  discussed  below. 

Safety 

Both  crew  and  ship  safety  is  of  paramount  concern 
to  the  Navy.  L-IDS  was  designed  to  monitor  the  Launcher 
Subsystem  for  a  ballistic  missile  weapon  system,  which 
is  governed  by  very  strict  nuclear  safety  rules  and  guide¬ 
lines.  The  design  of  L-IDS,  therefore,  was  constrained  by 
crew,  ship,  and  nuclear  safety  regulations.  Often  through¬ 
out  the  L-IDS  design  progress,  domains  were  modified 
or  eliminated  due  to  nuclear  safety  concerns.  Had  nuclear 
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safety  not  been  a  major  factor  in  the  Launcher  Subsystem, 
other  domains  would  have  been  successfully  developed 
for  implementation  into  L-IDS.  Nuclear  safety  was  the 
strictest  filter  of  potential  L-IDS  monitoring  domains. 

Coordination 

Each  part  or  space  on  a  Trident  submarine  is  under 
the  responsibility  of  an  organization  (i.e.,  under  its  coordi¬ 
nation).  Sometimes  coordinating  between  these  organiza¬ 
tions  is  difficult  and  costly.  Some  potential  L-IDS  design 
solutions  could  only  be  possible  with  the  involvement  of 
organizations  other  than  NGMS;  therefore,  if  a  particular 
organization  was  not  participating  in  the  project,  funding 
for  the  design  solution  was  not  available.  Consequently, 
alternate  and  normally  less  desirable  solutions  were  imple¬ 
mented  or  the  domain  was  eliminated  from  consideration. 

Legacy  System 

Another  area  that  proved  difficult  for  the  design  of 
L-IDS  was  the  legacy  of  the  Launcher  Subsystem  itself 
Components  could  not  be  monitored  due  to  the  physical 
constraints  of  the  existing  system  (e.g.,  a  sensor  was  too 
big  to  access  an  area).  Also,  access  to  certain  locations 
was  not  feasible  due  to  nuclear  safety  concerns,  and  fur¬ 
ther  domain  development  was  stopped.  These  areas  could 
have  been  monitored  only  by  implementing  the  sensors 
or  their  access  at  the  time  of  legacy  system  production. 

Cost-Benefit  Analyses 

Several  monitoring  types  were  dropped  due  to  their 
lack  of  benefit.  The  failure  symptoms  could  be  monitored 
and  diagnosed;  however,  the  cost  of  implementing  a  moni¬ 
toring  system  for  these  symptoms  outweighed  the  poten¬ 
tial  benefit. 

COTS 

L-IDS  was  produced  using  COTS  or  modified  COTS 
sensors  and  data  acquisition  equipment.  During  Phase  I, 
many  different  sensor  technologies  were  investigated  for 
implementation  into  L-IDS.  One  major  lesson  learned  was 
that  the  intended  use  of  the  COTS  sensor  is  not  its  only 
application.  For  example,  the  position-monitoring  sensor 
now  tracks  the  position  of  two  reflective  targets;  how¬ 
ever,  its  intended  use  was  as  a  computer  mouse  or  pointer 
for  people  without  use  of  their  hands. 


Modifications  to  the  position  sensor  were  required; 
however,  the  cost  was  well  within  the  benefit  gained  from 
monitoring  the  component  positions.  The  sensor  was 
modified  and  tested  for  both  electromagnetic  interference 
and  shock  military  standards.  These  modifications  were 
time  consuming  and  involved  a  certain  amount  of  risk 
(i.e.,  we  did  not  know  if  the  modifications  would  satisfy 
the  requirements).  Although  the  modifications  to  the  sen¬ 
sor  were  successful  in  this  case,  some  modified  COTS 
components  may  not  provide  sufficient  benefit  owing  to 
their  military  requirements. 

Also,  many  processor  choices  available  in  today’s 
market  quickly  become  antiquated.  During  L-IDS  devel¬ 
opment,  both  PC  and  Versa  Module  Eurocard  (VME)  ar¬ 
chitectures  were  investigated.  VME  is  the  current  wave; 
however,  both  have  their  benefits.  Much  research  was  per¬ 
formed  to  determine  the  best  platform  for  this  demon¬ 
stration.  In  this  case,  the  decision  was  ultimately  driven 
by  cost;  therefore,  a  PC  processor  and  accompanying  data 
acquisition  were  selected  for  a  fraction  of  the  VME  cost. 

Architecture  Change 

The  initial  PC  architecture  relied  on  an  Ethernet  data 
acquisition  system  with  a  stand-alone  processor.  During 
the  first  land-based  test,  this  architecture  was  found  to  be 
very  unreliable  and  was  scrapped  during  subsequent  de¬ 
sign  refinement.  A  portable  data  acquisition  system  was 
selected  for  L-IDS  implementation.  Its  performance  was 
far  superior  to  the  previous  Ethernet  system  and  was  pur¬ 
chased  for  a  much  lower  total  cost.  Although  software 
revision  was  required  when  the  switch  was  made,  this 
effort  was  insignificant  when  compared  to  the  scope  of 
the  project. 

Integrated  Diagnostics 

Foresight,  including  integrated  diagnostics  devel¬ 
opment,  should  be  emphasized  during  weapon  system 
development. 

SUMMARY 

An  integrated  diagnostics  system  was  developed 
using  COTS  items  and  was  implemented  on  an  SSBN. 
L-IDS  will  monitor  Trident  II  Launcher  Subsystem 
equipment  over  the  next  year  and  its  performance  will  be 
periodically  accessed.  Follow-on  effort  could  involve  an 
expanded  L-IDS  demonstration. 
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